Transposable elements (TEs) are main components of eukaryote genomesçup to 50% in some vertebratesçwhich can replicate and jump to new locations. TEs contribute to shape genome evolution, actively by creating new genes (or exons) or altering gene expression as consequence of transposition, and passively by serving as illegitimate recombinational hotspots. Analysis of amphioxus TEs can help to shed light on the ancestral status of chordate TEs and to understand genome evolution in cephalochordates and early vertebrates. The Branchiostoma floridae genome project has revealed that TE content constitutes $28% of the amphioxus genome. Amphioxus TEs belong to more than 30 superfamilies, which represent a higher diversity than in vertebrates. Amphioxus TE families are also highly heterogeneous as generally none of their members are drastically more abundant than others, and none of the TEs seems to have suffered any massive expansion. Such diversity and heterogeneity make the amphioxus genome not to be particularly prone to major evolutionary changes mediated by TEs, and therefore favoring genomic evolutionary stasis. Comparison of TE diversity and content between amphioxus and vertebrates allows us to discuss whether or not a burst of TEs happened after the two rounds of whole-genome duplication that occurred during early vertebrate evolution.
INTRODUCTION
Transposable elements (TEs) are DNA segments able to 'jump' into new genomic locations, process known as transposition, sometimes replicating during the mobilization and reaching very high copy numbers that can represent a major fraction of the genome (up to half of the genome such in humans or platypus [1, 2] ). According to the mechanisms of transposition, TEs are grouped in two classes: retrotransposons and DNA transposons [3, 4] . Retrotransposons or Class I elements transpose via an RNA intermediate that is reverse transcribed into the genome. Retrotransposons are classified in different groups, including the long-terminal repeat (LTR) retrotransposons, the tyrosine-recombinase retrotransposons (YR or DIRS-like elements), the non-LTR retrotransposons (or LINE-like elements) and the Penelope-like elements (PLE) [4, 5] . On the other hand, DNA transposons or Class II elements move through a double-strand DNA intermediate and comprise the original 'cut and paste' TEs discovered by Barbara McClintock over 60 years ago [6] , the rolling-circle DNA transposons (Helitrons) and the self-synthesizing DNA transposons (Polintons-Maverik) [4, 7] . Both classes of TEs can be categorized in autonomous or nonautonomous elements. A transposable element is defined as autonomous if it belongs to a group of TEs that encode all the domains that are typically necessary for its mobilization, without implying that the element is either functional or active [4] . Autonomous TE families can include defective elements due to a limited number of mutations or indels, but still retain sufficiently high DNA identity with other functional elements. In contrast, nonautonomous elements lack some (or all) domains necessary for transposition, although in some cases can be still active by borrowing the transposition machinery from autonomous TEs [4] . Short interspersed nuclear elements (SINEs) and miniature inverted repeat transposable elements (MITEs) are among the nonautonomous classes I and II TEs, respectively, that can reach very high copy numbers in eukaryote genomes [8, 9] .
Theoretical considerations and empirical approaches had led to suggest that TEs could be conceived as mere molecular selfish parasites that fill up genomes, owing their survival to their capability to replicate faster than the accumulation of mutations that would erase them from the genome. The amplification of TE copy number is not unlimited, however, because selective negative forces restrict their expansion when this becomes detrimental for the proper function of the host genome. Nowadays, TEs are not perceived anymore as selfish DNA entities, but as the most dynamic structural components of genomes that act as one of the main players facilitating and driving the evolution of each species genome (for recent reviews [10] [11] [12] [13] ). TEs can be substrates for unequal and illegitimate recombination and can be thereby responsible for several genome reorganizations, including chromosomal deletions, inversions, translocations and duplications. It has been described that polyploidization can trigger genomic stress associated with drastic genomic rearrangements, in many cases mediated by bursts of mobilizations of TEs [14, 15] . Lineage-specific genome rearrangements mediated by TEs might facilitate rapid evolution, reproductive isolation of different populations and, consequently, species diversification [16] . Hence, to fully understand the evolution of a given group of organisms, it is necessary to know the functional and structural complexity of their genomes in terms of TE content, diversity and relative abundance of TE families, TE distribution throughout the genome, and the genomic traces that might reflect the dynamic of past or recent TE mobilization.
In this review, we focus on the TEs of the amphioxus Branchiostomafloridae, which belongs to the cephalochordate subphylum, the most basally divergent group of our own phylum, the chordates. Recently, the genome of amphioxus has been fully sequenced [17, 18] . The analysis of this genome has been crucial for understanding the evolution of chordates, and the origin and successful diversification of vertebrate features, probably facilitated by two rounds of whole-genome duplication (2R-WGD) that took place in stem vertebrates after their divergence from non-vertebrate chordates (i.e. urochordates and cephalochordates) [17, 18] . We review the current knowledge on the TEs in amphioxus, analyzing their diversity, abundance, mobility and other specific features that characterize the TE families of amphioxus, and we evaluate how these features might have shaped the evolution of the amphioxus genome. Comparison of the TE content and diversity between amphioxus and vertebrates allows us to discuss possible trace evidence of a burst of TE mobilization that could have happened after the 2R-WGD, and the evolutionary dynamics of TEs during early vertebrate evolution.
TRANSPOSABLE ELEMENTS IN AMPHIOXUS
Transposable elements have been found in most eukaryotic species investigated so far [19] , and amphioxus is not an exception. More than 700 families of TEs constitute about 28% of the $520 Mb of the amphioxus genome, from which 9% is occupied by class I elements, 15% by class II and 4% by still unclassified TEs [17] (Table 1) .
Class I transposable elements
The first TE identified in amphioxus was a non-LTR retrotranposon named Bf-CR1 (B. floridae Chicken Repetitive 1 element) [20, 21] . Analysis of the sequence of the Bf-CR1 element showed the presence of an ORF that coded for an apurinic/apyrimidinic endonuclease domain and a reverse transcriptase domain, characteristic of non-LTR retrotransposons [20] . Phylogenetic analysis using the reverse transcriptase domain revealed that this amphioxus TE belonged to CR1 retrotransposon superfamily [20] , which is present in most animals so far analyzed [22] .
Recently, sequence analysis of the whole genome of amphioxus has shown that indeed CR1 non-LTR retrotransposons form the most diverse superfamily of amphioxus TEs, including more than 100 families that occupy 2.5% of the genome [17] . Elements show high similarities within families, as observed by a 98% identity between Bf-CR1 and CR1-11_BF 2065 3930 elements, but in general, TEs show significant sequence diversity between families, <75% identity [17] . Evidence of TE sequence diversity has been provided by experiments of Southern blot, in which the Bf-CR1 element from the presinilin locus hybridized with some Bf-CR1 copies (approximately 15 copies, most likely of the CR1-11_BF 2065 3930 family), but did not cross-hybridize with the thousands copies of other CR1 families identified by in silico analysis of the amphioxus genome [17, 21] . Evidence supporting Bf-CR1 mobilization has been inferred from the variability of Southern blot patterns among different animals, as well as by the cloning and sequencing of various presenilin alleles that differ by the presence or absence of the Bf-CR1 element [21] . TE mobilization, together with instability of other repetitive DNA sequences such minisatellites, might account for a significant fraction of the high polymorphism observed in the amphioxus population [23] . Besides CR1 elements, the sequencing of the amphioxus genome has identified additional class I TEs, including several non-LTR retrotransposons: RTE/RTEX (0.4% of the genome), L1 (0.3%), I / LOA (0.1%), Jockey (1.3%), NeSL/Hero (<0.01%), REX1 (<0.01%), Crack (<1%) and Proto2 (<0.05%); some LTR retrotransposons: Gypsy (0.3%), BEL (0.1%), Copia (0.1%) and ERV (0.1%); few YR retrotransposons: DIRS (0.1%); and some Penelope-like elements (1.9%) ( Table 1 and Figure 1 ; information about amphioxus TE content was provided by Jerzy Jurka, after running CENSOR program against an updated inventory of amphioxus TEs in Repbase Update: http:// www.girinst.org/repbase/update/index.html [24] ). Within class I, non-LTR retrotransposons are, therefore, the most abundant retrotransposons, contributing to 4.6% of the amphioxus genome, whereas LTR retrotransposons represent only 0.6%.
The amphioxus genome also has families of nonautonomous retrotransposons that rely on the transposition machinery from autonomous TEs for mobilization. Among nonautonomous retrotransposons, SINEs are short DNA sequences (less than 500 bases) that do not encode a functional reverse transcriptase protein. The first amphioxus SINE reported in amphioxus, named Amphi-Alu, was identified in the regulatory region of the FoxD gene and interestingly it contained AluI restriction sites such those described in Alu SINEs of primates [25] . The lack of sequence similarity between Amphi-Alu and primate Alu elements, however, suggested that both Alu elements evolved independently [25] . The structure of the Amphi-Alu is characterized by a 375-bp sequence related to tRNAs with a putative RNA polymerase III promoter and a polyA tail of variable length [25] . The recent availability of the sequence of the whole genome has revealed high similarity (97%) between Amphi-Alu and the 3 0 region of RTEX non-LTR retrotransposons, opening the possibility that Amphi-Alu could be a truncated RTEX element, or alternatively that an Amphi-Alu could have been captured by an RTEX element (L. Holland, personal communication). Evidence of mobilization of Amphi-Alu has been inferred from the fact that different allelic variants of the FoxD locus differed by the presence or absence of the Amphi-Alu element in their regulatory regions [25] .
In addition to Amphi-Alu, a second SINE has been described in amphioxus [26] . This SINE, named BflSINE1, is 383 bp long, it is also a tRNA-derived element, and it might represent $1-2% of the genome. BflSINE1 belongs to the evolutionary conserved DeuSINE superfamily with members in several deuterostomes, including mammals, chicken, coelacanth, zebrafish, catfish, salmon, dogfish shark, hagfish and sea urchin [26] .
Class II transposable elements
In silico analysis of amphioxus genome has revealed that $15% of the genome is occupied by class II TEs. Class II TEs are characterized by the presence of 10-40 nt terminal inverted repeats (TIRs) flanking a central region that encodes for a transposase. The amphioxus genome has a great variety of class II TE, including the three main types, namely, 'cut and paste' ($13.5% of the genome), 'rolling-circle' (1.5%) and 'self-synthesizing' (0.1%) DNA transposons (Table 1 and Figure 1 ) [17] . Among the 'cut and paste' superfamilies amphioxus has members representing 14 of the 17 known families, which reveals that the amphioxus genome has maintained a high TE diversity since its split from the last common chordate ancestor [17, 27] . Thus, amphioxus contains 'cut and paste' transposons Academ
(undetermined), MULE (MuDR-Rehavkus) (0.3%), P (0.3%), PIF/Harbinger (3.0%), PiggyBac (1.0%), Sola-2 (undetermined), Sola-3 (0.3%), Tc/mariner (0.4%) and Zator (0.1%), 'rolling-circle' Helitrons (1.5%) and 'selfsynthesizing' Polintons (0.1%) ( Table 1 and Repbase  Update: http://www.girinst.org/repbase/update/ index.html [24] ).
Before the identification in silico of all the autonomous class II TEs in the genome of B. floridae, there had been already reported a nonautonomous class II TE named Amphioxus Transposable Element 1 (ATE-1) [28] . ATE-1 was found in introns of the Adh3 locus in two amphioxus species, B. floridae (BfATE-1) and Branchiostoma lanceolatum (BlATE-1) ( Figure 2 ). The ATE-1 structure consisted of a DNA segment flanked by two 16 nt TIRs and target site duplications (TSDs) of 7 nt, with adjacent direct repeat (DRs) of about 100 nt, and a central region of variable size, but lacking any ORF that could code for a transposase [28] . These features of the ATE-1 led to classify it as nonautonomous class II composite MITE (Miniature inverted repeat TE). Simple MITEs are small sequences (usually less than 600 bp) with TIRs and TSDs, forming stable secondary structures but without coding potential. ATE-1 was composed of two MITEs, namely DRa of 109 bp and DRb of 93 bp, encompassing a central region in which later a novel MITE named LanceleTn-2 was identified (see below) [29] . ATE-1 elements were also found in different loci (e.g. EF-1a and Tip20 genes besides Adh3 gene), and copy number estimations by Southern or slot blot suggested less than 10 conserved copies per haploid genome [28] .
After ATE-1 was described, many other MITEs were identified in amphioxus [29] [30] [31] . Five MITEs (LanceleTN-1, -2, -3, -3b and 4) were identified around NK homeobox genes and the ParaHox gene cluster [29] . LanceleTN-1 has 21 bp TIRs, 8 bp TSDs, and it was tentatively classified into the hAT (hobo, Ac, Tam3) superfamily. LanceleTN-2 has TIRs up to 59-bp long, TSDs made of the dinucleotide TA and apparently is not related to any known autonomous element. LanceleTN-3a and -3b have 21 and 19 bp TIRs, respectively, 9 bp TSDs, and were classified into the Mutator-like superfamily. LanceleTN-4 has TIRs of up to 53 bp long, TSDs of the dinucleotide TA and remains unclassified [29] . Two additional MITEs, LanceleTN-5 and LanceleTN-6, were later identified [31] . LanceleTN-5 has 164 bp TIRs, 8-9 bp TSDs, and was related to Merlin superfamily, while LanceleTN-6 has 33 bp TIRs, 9 bp TSDs, and was related to Mutator-like superfamily. The abundance of MITEs has been estimated around 1.7% of the genome of amphioxus B. floridae and, in average, there is 7.3 MITEs per 100 kb [31] , suggesting that Figure 1 : Amphioxus TE content is highly diverse. Phylogenetic distribution of TEs in different animal lineages, in which gray and white boxes indicate presence and absence of TEs superfamilies, respectively. Information has been gathered from [27] and Repbase Update: http://www.girinst.org/repbase/update/index.html [24] . TE diversity is represented by the number of different superfamilies present in a given lineage. Amphioxus, with 33 superfamilies, shows a higher TE diversity than any vertebrate species analyzed so far (10^28 superfamilies).
MITEs are abundant TEs in the B. floridae genome. Interestingly, MITEs have been found not only in B. floridae but also in other amphioxus species, e.g. B. lanceolatum (BlATE-1) [28] and B. belcheri (Belcheri Tn-1) [30] . Their presence in three Branchiostoma species suggests that MITEs are widespread in the genus. Comparison of BlATE-1 and BfATE-1 MITEs, both inserted in the Adh3 locus of B. lanceolatum and B. floridae, respectively, reveals an interesting case of recent independent insertions in the same locus [32] (Figure 2 ). Both TEs transposed into tandem repeat minisatellites and mirage minisatellites located in different introns at the 3 0 -end of the Adh3 gene ( Figure 2 ). The independent transposition of the same type of TE at the same locus could be a fortuitous event or, alternatively, it could suggest that there may be 'hotspots' for TE insertions, and minisatellites appear to be potential candidates for increased TE insertion rate. In addition, the fact that the same gene has gained independently the same type of TE raises the possibility of beneficial functional effects of the TE insertion that could have been positively selected in both amphioxus species.
AMPHIOXUS TES: FUNCTIONAL AND EVOLUTIONARY INFERENCES Amphioxus TEs and their impact on gene evolution
Transposable elements can generate genetic novelty actively by adding new coding regions via alternative splicing in a process termed exonization [33] , or by incorporating cis-regulatory elements to the genes neighboring the insertion sites [34] [35] [36] [37] . Transposition, therefore, has a clear mutagenic activity, sometimes beneficial by promoting functional innovations due to an increase of protein versatility or to changes in the expression of genes, and sometimes negative by causing detrimental effects due to the alteration of the normal function of genes [34] [35] [36] . Although the beneficial or detrimental impact of TEs on gene evolution in amphioxus is mostly unknown, analyses of some genomics regions have provided some hints. The Amphi-Alu, for instance, contains binding sites of transcription factors that are essential for notochord expression and, interestingly, Amphi-Alu has been found in the promoter of FoxD and in the nearby of other genes also expressed in the notochord such Tbx15/18/21 and Pax1/9 [25] . Although the role of Amphi-Alu in the regulation of these genes is unclear, it is possible that Amphi-Alu may affect gene expression by altering cis-regulatory regions [25] . A second example in amphioxus in which a gene acquires a new functional domain comes from the analysis of the Dkk3 gene, which seems to have recruited a new domain from a TGF-b protein that provides new inhibiting functions to Dkk3 (L. Holland, personal communication). Further analyses are needed to understand the origin of this newly acquired domain, but it is possible that the recruitment of this domain resulted from a transposition event as a Jockey-5 TE is found in the nearby (at a 135-bp distance from the 3 0 -end) Figure 2 : Convergent insertion of TEs in the same locus occurred independently in two amphioxus species, Branchiostoma lanceolatum and Branchiostoma floridae. BlATE-1 element, which is a composite-MITE that contains two MITES (DRa and DRb) and a lanceleTn-2 element, was inserted within a minisatellite in intron 9 of the Adh3. BfATE-1, which is a mini-ATE1 that does not contain the lanceleTn-2 element, was inserted within a mirage-minisatellite in intron 8 of the Adh3 [28, 29] . The fact that the insertion occurred within a minisatellite structure in both species suggests that regions rich in tandem repeats could be hotspots for TE insertions.
of the Dkk3 according to the current genome assembly v2.
In contrast to the 'beneficial' effects of TEs shaping gene expression or co-opting new protein domains, some genomic regions appear to be refractory to TE insertions. Analysis of the genomic region of the Hoxgene cluster has shown that the content of TEs in the cluster was smaller than expected [31] . On the other hand, the ParaHox-gene cluster was indeed a hotspot for TE insertion [29, 31] , suggesting a significant difference between Hoxand ParaHox-gene clusters in amphioxus, and clearly indicating that not all the genomic regions are equally suitable for TE invasion.
Diversity and heterogeneity of amphioxus TE families
The genome of B. floridae is characterized by its high diversity and heterogeneity of TEs. The diversity of amphioxus TEs, comprising 33 superfamilies [17] , is higher than in any vertebrate species so far analyzed ( Figure 1 ). In fact, several class I (i.e. Crack, Jockey, LOA and Proto2) and class II (i.e. Sola3 and Ginger) TE families are present in amphioxus, as well as in other deuterostomes and protostomes, but absent so far in vertebrates (Figure 1 and [27] ). Amphioxus TE families are heterogeneous in the sense that overall none of the families within each superfamily are exceptionally abundant in comparison with others. From the approximately 300 000 TE sequences in the amphioxus genome, 95% of them belong to families with less than 5000 copies, while only three autonomous TE families (i.e. Academ-2, CR1-1 and Sola3-3) have more than 10 000 copies ( Figure 3A and Table 1 ). These three families appear probably as the only cases in which a moderate expansion of a particular set of TEs has occurred, reaching 14 058 copies for Bf_Academ-2, 11 699 copies for Bf_CR1-1 and 12 338 copies for Bf_Sola3-3, while the rest of Academ, CR1 and Sola3 families have an average of 2512 AE 1804, 399 AE 307 and 1074 AE 119 copies, respectively. Within the Harbinger superfamily, which is the most abundant TE superfamily (approximately 60 000 copies), none of the 27 Harbinger families accounts for >15% of the total number of Harbinger elements (e.g. the most abundant family, Harbinger-N1B, has approximately 9000 copies) ( Figure 3B ), and the same situation occurs in other highly heterogeneous superfamilies, including Crack (32 families), hAT (20 families), RTE (19 families), RTEX (16 families) and Tx1 (17 families) ( Figure 3B and Table 1 ).
How the diversity and heterogeneity of the TE content can have affected the evolution of the amphioxus genome? The amphioxus genome appears as the opposite situation of many vertebrates, in which recent bursts of different TE families have led to homogenous populations of highly abundant TEs (e.g. chicken: 100 000 CR1 copies representing 3.1% of the genome; bat: 100 000 HeliBat copies and 168 000 nhAT copies representing 3 and 1.3% of the genome, respectively; human: more than 500 000 L1 copies representing 17% of the genome; platypus: 1.5 million LINE2 copies and 2.1 million Mon1 copies representing 19 and 21% of the genome, respectively) [1, 2, 19, 63, 64] . In vertebrates, it has been suggested that the low diversity of abundant homogenous populations of TEs provided homologous sequences that might have facilitated illegitimate recombination events, leading to chromosomal rearrangements, quick genetic differentiation, reproductive isolation of different populations and consequently, species diversification [65] . In the case of amphioxus, however, the high diversity of heterogeneous TE families and the apparent absence of any massive expansion of any particular TE ( Table 1 , Figures 1 and 3) probably make the amphioxus genome not to be prone to major evolutionary changes mediated by TEs, favoring genomic evolutionary stasis. Although the amphioxus genome has changed throughout evolution [66, 67] , the idea of genomic evolutionary stasis is consistent with the idea of morphological stasis in the evolution of the cephalochordate lineage, in which different amphioxus species (e.g. B. floridae, B. lanceolatum and B. belcheri) are morphologically very similar despite they diverged 100-190 Mya [32, 68] . This morphological conservation has been linked at the molecular level to stasis in the expression patterns of key developmental genes [69] , supporting the view of general conservation of the amphioxus lineage. Future genome sequencing of additional cephalochordate species from different genus will allow testing whether TE diversity and heterogeneity correlate with genomic stasis in the entire cephalochordate subphylum.
Transposable elements, 2R-WGD and vertebrate genome evolution
In principle, a recently duplicated genome can be relatively tolerant of transposition because it contains many redundant genes, which buffer against insertional mutagenesis, and contains substantial repetitive DNA, which could serve as a sink for TEs [70] . According to this expectation, bursts of TE mobilization have been reported after polyploidization in different organisms [14, 15, [71] [72] [73] . The occurrence of 2R-WGD during early vertebrate evolution (the 2R-WGD hypothesis [74] ) [17, 75] raises the question of whether there was a burst of TE mobilization after the 2R-WGD during early vertebrate evolution. Comparison of the diversity and content of TEs between amphioxus and vertebrates might help to answer this question, although the long time since the 2R-WGD after the amphioxus and vertebrate split hinders a definitive response.
Expansion of the TE content within a genome cannot grow to infinity, and theoretical models suggest that the total number of TEs might reach equilibrium between TE mobilization activity, defense mechanisms of the genome (e.g. RNA interference, DNA methylation), and natural selection constraints preserving the functionality of the genome [76] . A model of TE competition predicts that the expansion of a particular type of TE might cause the reduction of other types of TEs, consequently reducing the TE diversity, until a new equilibrium is reached [76] . According to this competition model, if a burst of TE mobilization occurred after the 2R-WGD, we expect that the diversity of TEs Figure 3 : Amphioxus TE families are remarkably heterogeneous. (A) Frequency distribution of amphioxus TE families according to their number of TE copies. About 95% of TEs belongs to families with less than 5000 copies, and only one nonautonomous (BflSINE1: 18737) and three autonomous TE families have more than 10 000 copies (Bf_Academ-2: 14 058 copies; Bf_CR1-1: 11699 copies and Bf_Sola3-3: 12 338 copies). From left to right, columns represent number of families with <100 copies, from 100 to 1000, from 1000 to 5000, from 5000 to 10000, and >10000. (B) Copy number (left axis) and relative abundance (right axis) for each TE family within superfamilies with more than 10 TE families or with at least 10 000 copies (Table 1) : Academ (4 families), CR1 (56 families), Crack (32 families), EnSpm (8 families), Harbinger (27 families), hAT (20 families), LanceleTn (5 families), PiggyBack (11 families), RTE (19 families), RTEX (16 families), Tx1 (17 families) and Sola3 (3 families). The BflSINE1 superfamily has not been included in the graph because it only has one family ( Table 1 ). (A). Information about amphioxus TE content was kindly provided by Jerzy Jurka, after running CENSOR program against the Repbase Update (RU) database (www.girinst. org/repbase) [24] .
shared among vertebrates should be smaller than in cephalochordates. Consistent with this prediction, we observe that the diversity of TEs shared among vertebrates (15 superfamilies in mammals, 10 in birds, 14 in reptiles, 20 in amphibians, 28 in ray finned fishes and 14 in lampreys) is lower than in amphioxus (33 superfamilies) (Figure 1 ). Although this observation is not conclusive, the reduction of TE diversity in vertebrates is compatible with a burst of TEs after the 2R-WGD during early vertebrate evolution. We cannot discard, however, that the reduction of TE diversity in vertebrates might have been caused by independent extinctions of TEs in several vertebrate lineages, nonrelated, therefore, to a burst of TEs after the 2R-WGD. The diversity of retrotransposons in tetrapods, for instance, was significantly reduced before the split of mammals and birds [77] .
The increased gene redundancy after a genome duplication event relaxes the selective constrains against insertional mutagenesis, and thereby allows the increase of TE content. If the 2R-WGD allowed a burst of TEs in the vertebrate ancestor, we expect that the content of TEs in vertebrates should be higher than in amphioxus. Genomic analyses, however, show that the amount of genome covered by TEs in amphioxus ($28%) is similar or even higher than that in some vertebrate genomes (e.g. 30% in lizard, 10% in chicken, 26% in zebrafish or 7% medaka). Although the similar content of TEs in amphioxus and some vertebrates does not support an ancient TE burst after the 2R-WGD, we cannot discard the possibility that secondary reductions of the content of TEs in different vertebrate lineages might have erased the trace evidence of an ancient increase in the TE content.
There have been described cases in which genome duplication in allopolyploid plants was not followed by a burst of TEs, and interestingly, it was accompanied by the recruitment of DNA methylation as a genome defense mechanism against TE activity [78, 79] . Remarkably, while TEs are heavily methylated and DNA methylation plays a defense role against TE mobilization in vertebrates [80] , current data do not provide evidence supporting that TEs are major targets of methylation in non-vertebrate chordates [80] [81] [82] [83] . It is, therefore, tempting to extrapolate this idea from the plant world to vertebrate evolution, and to speculate that the recruitment of the DNA methylation for the control of TE mobilization in vertebrates might have been crucial for restraining the mutational impact of TE proliferation.
Probably, regulation of TE mobility was the first step before the 'molecular domestication' or 'exaptation' of TEs facilitated the emergence of gene novelties during vertebrate diversification.
Overall, it is clear that amphioxus has a significant amount of TEs, and interestingly the diversity of TEs is higher in amphioxus than in vertebrates. Further analysis, however, needs to be performed to understand the regulation, mobility, and rates of expansion and extinction of TEs in cephalochordates, and how TE diversity and heterogeneity might have led to the evolutionary genomic stasis of this lineage. On the other hand, vertebrates seem to have recruited DNA methylation as a defense mechanism that controls TE mobility. It remains uncertain, however, whether a burst of TE actually happened after the 2R-WGD, because secondary bursts and extinctions of TEs occurred in different vertebrate lineages might have obscured such ancient event.
Key Points
Amphioxus TE content is considerably big (28%), even bigger than in some vertebrates. AmphioxusTE catalog, which includes members from more than 30 superfamilies, is more diverse than in vertebrates. Amphioxus TE families are highly heterogeneous, and no evidence of a massive expansion of any particularTE has been found. The diversity and heterogeneity of amphioxus TEs might have favored genomic stasis during the evolution of amphioxus. Although it remains unclear whether there was a burst of TEs after the 2R-WGD during early vertebrate evolution, the reduced TE diversity shared among vertebrates compared to amphioxus is compatible with such burst of TEs.
